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The rotational band structure of the Z ¼ 104 nucleus 256 Rf has been observed up to a tentative spin of 20@ using state-of-the-art -ray spectroscopic techniques. This represents the first such measurement in a superheavy nucleus whose stability is entirely derived from the shell-correction energy. The observed rotational properties are compared to those of neighboring nuclei and it is shown that the kinematic and dynamic moments of inertia are sensitive to the underlying single-particle shell structure and the specific location of high-j orbitals. The moments of inertia therefore provide a sensitive test of shell structure and pairing in superheavy nuclei which is essential to ensure the validity of contemporary nuclear models in this mass region. The data obtained show that there is no deformed shell gap at Z ¼ 104, which is predicted in a number of current self-consistent mean-field models. DOI It can be argued that in order to produce a chemical element, the composite nuclear system must survive for more than 10 À14 seconds. This time is typical for the formation of a compound nucleus or of a molecule such as hydrogen. In turn, a superheavy element can be defined as one in which the macroscopic fission barrier calculated within the liquid drop model would lead to lifetimes lower than this limit. Superheavy elements only exist due to the nuclear shell effect, which gives enhanced stability and results in finite lifetimes. The boundary to superheavy elements occurs at proton number Z ¼ 104 [1] . The stability of superheavy elements and the creation of a fission barrier is therefore entirely dependent on shell and pairing effects. Theoretical predictions regarding the structure and stability of superheavy elements can only be rigorously tested if experimental data of high spectroscopic quality is obtained in nuclei with high proton number. It is well-known that different theoretical approaches predict different locations for the next spherical shell gaps (or magic numbers) beyond the last known doubly-magic nucleus 208 Pb with proton number Z ¼ 82 and neutron number N ¼ 126 (see Refs. [2, 3] and references therein for theoretical discussions of shell effects in superheavy nuclei). However, similar differences in shell structure are also predicted for deformed nuclei in the region of Z ¼ 100 and N ¼ 152. Microscopic-macroscopic [4] approaches predict deformed shell closures at these proton and neutron numbers, but self-consistent approaches based on Skyrme energy density functionals [5] or relativistic mean-field [6] approaches tend to predict deformed gaps at Z ¼ 96, 98, 104 and N ¼ 150. Comparison with experimental data shows that these discrepancies can be related to the location of the high-j (neutron j 15=2 and proton i 13=2 ) orbitals at sphericity [5, 6] . It is important to test these predictions experimentally in order to gain confidence that extrapolations to the heaviest known elements are accurate. Over the past decade or so, exploitation of tagging techniques has allowed ''in-beam'' studies to be performed, giving new experimental data on rotational bands and associated moments of inertia, alignment properties Selected for a Viewpoint in Physics P H Y S I C A L R E V I E W L E T T E R S week ending 6 JULY 2012 and two quasiparticle high-K structures. All of these features are sensitive to the location of the important high-j orbitals mentioned above. These studies have concentrated on the deformed nuclei in the region of 254 No with proton number Z ¼ 102 and neutron number N ¼ 152. A review of experimental progress in this area can be found in Ref. [7] . The first studies of rotational structures in this region prompted a large number of theoretical works which aimed to reproduce the experimental results and to predict the properties of yet unstudied nuclei (see, for example, Refs. [5, 6, 8] ). The work of Bender et al. [5] studied the rotational properties of these nuclei in a mean-field approach based on Skyrme-type forces and extended to the rotational properties of 256 Rf. To date, it has not been possible to test the predicted properties of Z ¼ 104 nuclei due to the fact that they are produced with cross sections at the level of tens of nanobarns, which until recently was beyond the observational limit. Advances in instrumentation have now allowed the first in-beam study of a Z ¼ 104 nucleus to be performed, providing a test of the theoretical predictions.
The Z ¼ 104 nucleus 256 Rf can be produced via the 208 Pbð 50 Ti; 2nÞ fusion-evaporation reaction. Previous studies have determined that 256 Rf decays by spontaneous fission (branching ratio >98%) with a half-life of 6.7(9) ms [9] . These properties make 256 Rf an ideal case to be studied using fission tagging, an extension of the recoil-decay tagging (RDT) technique [10, 11] . The experiment was carried out at the Accelerator Laboratory of the Department of Physics, University of Jyväskylä, Finland. A beam of 50 Ti 11þ ions was produced in an ECR ion source using the MIVOC (metallic iIons from volatile compounds) method [12] and accelerated to an energy of 242 MeV by the K ¼ 130 MeV cyclotron. The selfsupporting 208 Pb target had a thickness of 446 g=cm 2 and was rotated in order to avoid deterioration under irradiation. The total irradiation time was 450 h with an average beam intensity of 29 particle nA. Prompt rays were detected using the JUROGAMII array of germanium detectors, consisting of 24 clover-and 15 tapered detectors with Compton suppression shields [13] . The germanium detectors were instrumented with Lyrtech VHS-ADC cards, which allowed direct digitization of the preamplifier signals at a sampling rate of 100 MHz and with 14-bit resolution. The energies of detected rays were determined using a moving window deconvolution (MWD) algorithm [14] implemented in the FPGA of the ADC cards. This method allows much higher counting rates to be used compared to conventional analogue electronics, which in turn allows higher beam intensities to be employed (up to 45 pnA in this case). It is estimated that the total number of rays detected during the experiment was in excess of 10 12 . The photopeak efficiency of the array was 5.2% at 1.33 MeV when the add-back method is employed for the clover detectors. Reaction products recoiling out of the target were separated according to their magnetic rigidity from primary beam and fission products by the gas-filled recoil separator RITU [15] . The pressure of helium filling gas in RITU was 0.6 mbar and a differential pumping system was used to separate the helium filling from the beam line vacuum. The separated reaction products passed through a multi-wire proportional counter (MWPC) and were subsequently implanted into the silicon double-sided strip detectors (DSSDs) of the GREAT focal plane spectrometer system [16] . The MWPC provides a measurement of the energy loss (ÁE) and the time-of-flight (TOF) between the MWPC and DSSDs. In this experiment, two 60 Â 40 mm DSSDs with a strip pitch of 1 mm and thickness 300 m were placed side-by-side to cover the focal plane image. The amplification of signals from the DSSDs was such that the face containing vertical strips (x face) was set to detect a maximum energy of 2 MeV and that containing horizontal strips (y face) to a maximum energy of approximately 200 MeV. This arrangement was made in order to use the x face for detection of low-energy conversion electrons from the decay of possible isomeric states [17, 18] and the y face to detect fission fragments from 256 Rf. The energies of events occurring in all detectors were recorded by the triggerless total data readout (TDR) data acquisition system and time stamped using a 100 MHz clock [19] . Subsequent temporal-and spatialcorrelations between the various detector groups were performed using the GRAIN data analysis package [20] . Recoiling products were selected on the basis of TOF-ÁE and E-TOF, where E is the energy deposited in the DSSDs by the recoil. Unambiguous identification of fusion-evaporation products of 256 Rf was made by demanding that a recoil event was followed by a decay event in the same position with energy greater than ' 20 MeV within a search time of 100 ms. In the duration of the experiment, a total of 2210 such correlated recoil-fission pairs were found. Assuming a transmission efficiency of 40% and detector coverage of 90%, this corresponds to a production cross section of 17(3) nb. Figure 1 shows the time difference between the recoil and fission event with a logarithmic time scale. The half-life was determined to be 6.9(2) ms, consistent with the previous measurements [9, 17, 18] . The energy spectrum of correlated fission events found in this manner is shown in the inset to Fig. 1 . It should be noted that the observed energy does not correspond to the total energy emitted in the fission process, as the fission fragments can escape the implantation detector. The energy scale is also approximate and based on the observed energies of decays with the same gain settings.
Prompt rays associated with correlated 256 Rf recoils were selected by using a two-dimensional polygonal ''gate'' on a matrix of the MWPC-DSSD TOF versus the time difference between detection of the ray and the recoil (essentially two different TOF measurements). The energy spectrum of prompt single rays selected in this
week ending 6 JULY 2012 manner is displayed in Fig. 2 A fit to the rotational band based on the experimental kinematic moment of inertia J ð1Þ ¼ @ 2 ð2I À 1Þ=E ðIÞ can also be used to assign spin values to the observed states. Table I shows the transition energies, spin assignments and relative intensities of the transitions corrected for efficiency and internal conversion. It is also possible to parameterize the rotational band in terms of the kinematic (J ð1Þ ) and dynamic (J ð2Þ ) moments of inertia according to the formalism of Harris [21] , whereby
where ! is the rotational frequency (E =2). After fitting the Harris parameters J 0 and J 1 it is then possible to extrapolate and determine the energies of the unobserved 4 þ to 2 þ and 2 þ to 0 þ transitions using the formula
where I is the initial spin for the transition. . The two lowest-lying transitions cannot be observed due to the dominance of internal conversion. The deduced energies of the 4 þ to 2 þ and 2 þ to 0 þ transitions are also shown in Table I .
It is well-known that the moments of inertia are sensitive to nuclear properties such as the pairing strength and to the specific orbitals active at the Fermi surface. A systematic analysis of the moments of inertia of a number of nuclei can therefore provide invaluable information on such properties in these heavy nuclei. The kinematic moment of inertia as a function of rotational frequency for the ground-state rotational band of 256 Rf is shown in the upper panel 
week ending 6 JULY 2012 the full frequency range. As has been noted previously, the rotational properties of the N ¼ 150 isotones are somewhat different, showing much faster alignment than the N ¼ 152 nuclei (for a discussion see Refs. [5, 22] ). It is interesting to question the differences in absolute value of the moments of inertia in these nuclei. It can be seen that while the N ¼ 150 isotones show similar alignment behavior, 250 Fm has a larger moment of inertia than 252 No. At low frequency, 254 No has a similar moment of inertia to 250 Fm, but slightly higher than that of 256 Rf. It is possible that these changes in the moment of inertia are due to differences in deformation, or, as discussed by several authors, due to the effect of shell gaps on the pairing correlations [4, 6] . At a deformed shell gap, the pairing correlations are weakened, which in turn leads to a larger moment of inertia. This seems to be borne out by the behavior of the moments of inertia plotted in Fig. 3 . The nucleus 252 No has the lowest moment of inertia, which having 102 protons and 150 neutrons has the Fermi surface just above the Z ¼ 100 and just below the N ¼ 152 deformed shell gaps. When two protons are removed to get 250 Fm, the moment of inertia increases, which may be a reflection of the reduced pairing correlations due to the Z ¼ 100 shell gap. A similar argument goes for 254 No, in which the moment of inertia is larger when two neutrons are added compared to 252 No. Again, this is evidence of the influence of the N ¼ 152 shell gap. Table II shows the experimental 2 þ energies deduced from extrapolation of the rotational bands, the fitted J 0 Harris parameter and the calculated quadrupole deformation parameter 2 and 2 þ energies from the work of Sobiczewski et al. [4] . It can be seen that the calculated 2 deformation parameters for all nuclei are approximately equal, lending support to the argument that the subtle differences in moment of inertia are due to pairing effects. Following these arguments, one would expect that 252 Fm with Z ¼ 100 and N ¼ 152 should have the highest moment of inertia and lowest 2 þ energy, but unfortunately the experimental data is not yet available. It might also be expected that if there is a significant shell gap at Z ¼ 104, that the moment of inertia of 256 Rf would be larger than that of the isotone 254 No. As can be seen from Fig. 3 and Table II , this is not the case. In fact the moment of inertia is slightly lower, which may be indicative of the diminishing influence of the Z ¼ 100 shell gap. On the basis of this analysis, it can thus be suggested that there is no significant deformed shell gap at Z ¼ 104.
The lower panel of Fig. 3 shows the experimental dynamic moment of inertia (J ð2Þ ¼ 4@ 2 =½E ðIÞ À E ðI À 2Þ) as a function of rotational frequency for the N ¼ 150 and 152 isotones, normalized to the smoothly-behaving J ð2Þ from the Harris fit. The behavior at low rotational frequency is similar for all nuclei, but a divergence from the smooth behavior appears above frequencies of around 0.15 MeV in the N ¼ 150 isotones and above 0.2 MeV in the N ¼ 152 nuclei, indicating an alignment effect. It is interesting to note that the alignment occurs simultaneously in the N ¼ 150 isotones, but appears later in the N ¼ 152 isotones and is delayed in 254 No relative to 256 Rf. It has been shown that in this region of nuclei there is competition between neutron j 15=2 and proton i 13=2 alignment effects [6, 23] . These effects are sensitive to the relative positions of the relevant orbitals to the Fermi surface. In N ¼ 150 isotones, the Fermi surface is just below the neutron j 15=2 ½7349=2 À orbital, which is filled in N ¼ 152 nuclei. Given that 254 No and 256 Rf are PRL 109, 012501 (2012) P H Y S I C A L R E V I E W L E T T E R S week ending 6 JULY 2012 isotones, it could be speculated that the difference is due to the shift of the proton Fermi surface in moving from 254 No to 256 Rf. In 256 Rf the proton Fermi surface is closer to the i 13=2 orbital ½6249=2 þ . Further detailed theoretical investigation based on a model which correctly predicts the underlying single-particle levels would be required to explain these subtle differences in detail.
In summary, the rotational structure of the superheavy Z ¼ 104 nucleus 256 Rf has been studied for the first time using novel -ray spectroscopic techniques. Systematic analysis of the moment of inertia of several nuclei shows evidence for the effect of weakened pairing correlations due to the presence of deformed shell gaps. The data also suggest that there is no significant shell gap at Z ¼ 104. 
